Efficient generation of oxygen radicals and reactive oxygen was successfully performed at the dispersed-phasic interface between vapor-water and oxygen plasma in a reaction chamber having an internal atmosphere with a normal-pressure and temperature. In the space of the reactor chamber (radical vapor reactor [RVR]), the gas phase was strictly controlled in terms of vaporized water (small water mist), temperature, plasma conditions, and UV irradiation. According to spin-trapping electron spin resonance analysis, the RVR efficiently and quantitatively yielded two types of reactive oxygen species ( 1 O 2 and OH radical) with the atmosphere of the RVR chamber. This is the report of the efficient, quantitative production of reactive oxygen in an atmosphere. The reactivity of the produced 1 O 2 and OH radical may be applicable for various chemical processes, such as oxidation and electron absorption.
Introduction
During the genesis of Earth, the primitive atmosphere contained high concentrations of toxic compounds and gases that had been irradiated by strong ultra-violet and radioactive rays from the sun. These toxic compounds in the Earth's primitive atmosphere were transformed into amino acids and amines by ultraviolet (UV) light (as shown by the Miller-Urey experiment).
1, 2 Miller used electrical discharge instead of UV ray to produce free radicals. 1 Additionally, oxygen and water were reformed, probably from reactive oxygen species (ROS) produced in the atmosphere. Thus, over time, the atmospheric toxicity was reduced. However, the strength of UV irradiation was greatly weakened by the ozone layer, which formed between the cosmic space and atmosphere. Therefore, the development of the Earth and evolution of life as well know it has been greatly affected by ROS.
The reactivity of ROS has been extensively studied, particularly with regard to the role of ROS in biological or environmental processes. However, despite the strong reactivity of ROS, ROSbased practical chemical processes have not been developed. The reason for this may be that practical methodologies for quantitative production of reactive oxygen have not been developed.
UV irradiation of a dry oxygen atmosphere produces oxygenrelated compounds, such as oxygen atoms and ozone (O 3 ), and can be used for the hydration of solid substrate surfaces. In addition, this method is a simple-to-use, dry process that is inexpensive to set up and operate. 3 In a dry atmosphere, the irradiation of a surface with short-wavelength UV in the presence of oxygen is a powerful technique for removing many contaminants. 4 Oxygen absorbs radiation at 185 nm, forming highly active oxygen atoms and ozone. This technique is most suitable for the oxidative removal of adsorbed organics. 4 Dry atmospheric UV irradiated oxygen may produce high levels of ROS. However, for the performance of practical chemical processes in the ROS-containing atmosphere, greater reactivity of narrowly defined ROS is required. As described above, previous and existing ROS reactors for the production and treatment of these species have been used only in dry atmospheres or in the solution phase. However, in order to produce the OH radical and related reactive oxygen, water is required as a proton donor. The phase interface between the gas phase (e.g., the plasma phase) and the solution phase (e.g., water) is important, as it is the reaction locus for the reactive gas and ion(s). Previous research has reported the use of a bubbling gas fluidized solution phase to produce reactive oxygen. Such systems often produce some ROS. However, if disproportionation of water is the main reaction, the primary product will be hydrogen peroxide.
Consequently, we attempted to carry out the efficient generation of oxygen radials and reactive oxygen at the dispersed-phase interface (DPI) between water vapor (mist water particles) and oxygen plasma. In the radical vapor reactor (RVR), ozone was produced by electrical discharge, and the atmosphere in the RVR chamber was irradiated by UV light and maintained at a specific temperature and normal pressure. The reaction locus (i.e., the DPI) between dispersed mist water particles and oxygen plasma was fabricated in the RVR. This study presents an efficient and quantitative ROS production process in which ROS production was measured using spin trap election spin resonance (st-ESR). 
Radical Vapor Reactor (RVR)
The RVR was designed and fabricated as illustrated in Fig. 1 . As shown in the illustration, the RVR system functions as follows.
(1) Electrodischarge (6 kV) produces ozone, which was introduced (4 dm 3 /min) into the reactor chamber (Fig. 1a) . (2) The DPI of water was created by a heating humidifier (up to 40°C and 40% humidity; Fig. 1b ). (3) For ROS production, 185 nm (0.16 W © 2 lamps) and 254 nm (1.6 W © 2 lamps) UV light was irradiated at the DPI of water (Fig. 1c) . For exposure to the produced ROS, an object was set on the stage (Fig. 1d ). (4) After ROS exposure, the gases were exhausted from the chamber to the reactive oxygen deactivator (catalyst) before being release to the outside (Fig. 1e ). The temperatuer of the atmosphere in the reaction chamber could be modulated from 25°C to 40°C. In the present study, we use three different operating conditions for the RVR, as itemized below.
RVR conditions
Step I. Ozone injection for 1 min at 4 dm 3 /min (shown in Fig. 1a) .
Step II. The DPI of water was prepared by heating at 25, 30, 35, or 40°C (shown in Fig. 1b) .
Step III. The DPI was irradiated with 185 and 254 nm UV light for 1 min (shown in Fig. 1c ).
DPI reaction
The DPI reaction proceed in Steps II and III simultaneously to produce reactive oxygen and radicals at the DPI reaction locus. In some experimentations, modified temparature conditions that was set to 25, 30, 35, or 40°C were employed as indicated in the figures or figure captions.
Reactive oxygen analysis with st-ESR
After the RVR exposure, the solution containing the spin-trap reagent was analyzed by ESR spectroscopy (the ESR analysis of spin-trap reagent is hereinafter called st-ESR). Because ROS and free radicals have high reactivity and thus short half-lives. Therefore, both of these chemical species are difficult to detect directly. 5 Consequently, st-ESR spectrometry is commonly used for measurement of ROS. 5 Spin trapping has proven to be an extremely useful qualitative method for the identification of transient free radicals. 6 The aqueous solutions containing spin-trap reagents were placed onto slide glass such that they had the same solution surface area in each experiment. The slides was placed on the sample stage (as shown in Fig. 1d ) and then exposed to produced oxygen radicals and reactive oxygen in the RVR. As shown in Fig. 2 , two types of solutions were prepared: (1) 0.1 mol dm ¹3 2,2,5,5-tetramethyl-3-pyrroline-3-carboxamide (TPC; Sigma-Aldrich, Japan); and (2) 0.1 mol dm ¹3 5,5-dimethyl-1-pyrroline N-oxide (DMPO; LABOTEC, Japan). These solutions (100 µL aliquots) were placed on slide glass, and the slides ware then placed on the sample stage in the RVR, as shown in Fig. 1 . After the injection of a given volume of ozone, the slides were irradiated with UV light 185 and 254 nm for given duration. After the RVR exposure, spin-trap reagent was analyzed (ESR spectrum was recorded) on an X-band ESR spectrometer (JES-FA-100, JEOL, Tokyo, Japan). The measurement conditions for ESR were as follows: field sweep, 329.50-344 mT; field modulation frequency, 100 kHz; field modulation width, 0.05 mT; amplitude, 80; sweep time, 2 min; time constant, 0.03 sec; microwave frequency, 9.420 GHz; microwave power, 4 mW. To calculate the spin-adduct concentration, 20 µM TEMPOL was used as a standard sample and the ESR spectrum of Mn 2+ which was equipped in the ESR cavity was used as an internal standard. The spin concentration was determined using Digital Data Processor (JEOL, Tokyo, Japan).
Result and Discussion

Spin amount analysis in RVR
After the RVR exposure, the solution containing the spin-trap reagent was analyzed by ESR spectroscopy. The st-ESR spectra are shown in Figs. 3 and 4 . The ESR spectrum of DMPO-OH (Fig. 3) showed a 1:2:2:1 quartet pattern intensity and hyperfine coupling constants (aN = aH = 1.49 mT). 5, 6 TPC is suitable for analysis of the singlet oxygen yield. 7 The spin-trap reagents DMPO (0.1 mol dm
¹3
) and TPC (0.1 mol dm ¹3 ) were exposed to the reactive atmosphere in the RVR for 1 min.
From these spectra, the concentrations of the spin-adducts were 9.6 © 10 ¹3 mmol dm ¹3 and 1.5 mmol dm ¹3 for DMPO-OH and TPC-1 O 2 , respectively. These remarkably high concentrations for reactive oxygen and radical vapor were derived from the DPI. The DPI of water acted as a proton donor for atomic oxygen at the start of the RVR reaction. The DPI of water is thought to donate protons to the plasma atmosphere undergoing irradiation. Electrochemistry, 83(9), 721-724 (2015)
Condition dependence RO production in RVR
At the DPI, the ozone is photolyzed to atomic and molecular oxygen by UV light, allowing the atomic oxygen and protons to form hydroxyl radicals. Hydroxyl radicals are then converted to singlet oxygen by reaction with oxygen molecules and UV light. Therefore, the DPI promotes the formation of highly concentrated ROS.
The temperature-dependent properties of ROS production in the RVR were analyzed at different temperatures in the RVR chamber as shown in Figs. 5-8 . The temperature of the reactor atmosphere was set to 25, 30, 35, or 40°C. Target solutions were irradiated with UV light for various times after 8 dm 3 of ozone (Figs. 5 and 7) or for 1 min after injection of various ozone volumes (Figs. 6 and 8 ). Variations in temperature may change the amount of humidity in the reactor atmosphere. High humidity may produce more of the DPI in the reaction chamber. Moreover, longer processing times may produce higher amounts of the ROS. However, spin analysis also has several limitations. Since DMPO-OH has a shorter half-life at higher temperatures, 5 the maximum value of the spin concentrations plateaued as the irradiation time was shortened and with higher temperature (Fig. 5) . On the other hand, as the TPC-1 O 2 spin adduct became more stable (i.e., acquired a longer spin adduct half-life), the TPC-1 O 2 maintained stability, even under conditions of higher temperatures and longer UV irradiation times, as shown in Figs. 7 and 8. Additionally, without ozone, UV irradiation produced hydroxyl radicals (Fig. 6) . Hydroxyl radicals were produced with only UV light or ozone in the presence of water. Singlet oxygen was produced from ozone molecules and hydroxyl radicals, as shown in Fig. 7 (without UV irradiation) and Fig. 8 (without ozone) . Electrochemistry, 83(9), 721-724 (2015)
RO production in RVR reaction
From these experimental results, we concluded that these ROS were produced through O 3 -, H 2 O-, and UV-related chain reactions, as formulated in Scheme 1. Reactions (1) and (2) are well-known ozone-producing reactions and occurred in an electro discharge ozonizer. The ozone was introduced into the reaction chamber, and water vapor was dispersed into the oxygen plasma gas. Notably, this reaction scheme required UV energy and the DPI of water as the reaction interface between plasma and protons. Reactions (3) and (4) occurred with UV light; atomic oxygen (O) was derived from the degradation of O 3 , and water could be converted into •OH. 8 As shown in formulas (4) and (6), hydroxyl radicals were formed in two ways. These hydroxyl radicals and triplet oxygen disproportionate to HOOO• (hydrogen-trioxide radical).
9 HOOO• then disproportionates again upon irradiation with UV energy into singlet oxygen and a hydroxyl radical. 10 The •OH may form a variable intermediate in this complex system; however we suggest that reaction (5) may occur because of efficient ROS production. The hydroxyl radical is probably recycled in these reactions. This is a hypothetical reason for the efficient production of reactive oxygen vapor in the RVR. As performed in experimentation, the RVR can realize the RO production as schematically illustrated in Fig. 9 .
Conclusions
The RVR reaction is an efficient and convenient method for the production of ROS. The DPI of water was an important reaction interface for chemical combination between the plasma gas phase and solution phase. At the DPI locus, irradiated UV light drove the energy of the reaction. Singlet oxygen was the predominant species formed in the RVR, and its production can be controlled by varying the UV irradiation time, with efficient production of radicals in vapor. ROS were formed at the interface of dispersed water mist and oxygen plasma. The dispersed interface was the key to producing ROS efficiently. The production of ROS was achieved at a higher level in an atmosphere in RVR with simple operation. The ROS atmosphere produced here can be employed for various biological, inorganic, and organic chemical reactions. Figure 9 . Hypothetical illustration of dispersed-phase interface for radical production.
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